1. Introduction {#sec1-antioxidants-07-00037}
===============

Premature infants (less than 37 weeks gestational age) face numerous challenges during their stay in the neonatal intensive care unit (NICU). Not only do they face the challenge of being underdeveloped compared to term infants, they are also at risk to a variety of illnesses, as well as undernutrition and growth failure \[[@B1-antioxidants-07-00037],[@B2-antioxidants-07-00037]\], These factors lead to a state of energy deficiency and catabolism, with potential long-term effects such as impaired neuronal development \[[@B3-antioxidants-07-00037],[@B4-antioxidants-07-00037]\] and metabolic diseases \[[@B5-antioxidants-07-00037],[@B6-antioxidants-07-00037]\]. Critically ill neonates and premature infants in particular, also undergo multiple (from 4 to 16) tissue damaging procedures (TDPs) for clinical care or diagnostic purposes \[[@B7-antioxidants-07-00037],[@B8-antioxidants-07-00037],[@B9-antioxidants-07-00037]\]. These procedures include tape removal, heel-stick, venipuncture, intravenous or central catheter placement, injections and tracheal suctioning and intubation. Analgesic treatments for TDPs usually come in the form of 0.5 mL to 2 mL/kg per dose of a 24% oral sucrose solution given with a pacifier, lingually or at the buccal mucosa \[[@B10-antioxidants-07-00037],[@B11-antioxidants-07-00037],[@B12-antioxidants-07-00037],[@B13-antioxidants-07-00037]\]. However, sucrose may play an indirect role in the modulation of the premature infant's stress physiology, metabolism and energy state \[[@B10-antioxidants-07-00037],[@B14-antioxidants-07-00037],[@B15-antioxidants-07-00037],[@B16-antioxidants-07-00037],[@B17-antioxidants-07-00037],[@B18-antioxidants-07-00037]\]. With this in mind, the premature condition in the context of routine clinical procedures, energy metabolism and prospective long-term outcomes of energy deficit are of interest. The administration of oral sucrose and its potential effects on energy metabolism and stress physiology require particular attention. It is anticipated that, with improved understanding of the potential mechanisms of the development of energy deficit in premature neonates, rational preventive and treatment approaches will emerge. The objective of this narrative review is to summarize the complexity of the metabolic demands of the premature neonate, as well as the potential consequences of not meeting these demands, leading to energy deficit.

2. Premature Infants Are in an Energy-Deficit State {#sec2-antioxidants-07-00037}
===================================================

Preterm births steadily increased from 9.5% in 1981 to 12.7% in 2005 \[[@B19-antioxidants-07-00037]\]. During the first few weeks of postnatal life, premature infants are most likely ill, physiologically unstable and lack adequate nutritional support \[[@B2-antioxidants-07-00037]\]. Following birth, these infants simultaneously experience a loss of maternal nutritional support along with their own limited ability for energy storage \[[@B20-antioxidants-07-00037],[@B21-antioxidants-07-00037]\]. Energy deficit occurs due to four possible reasons (see [Figure 1](#antioxidants-07-00037-f001){ref-type="fig"} for a simplified diagram).

First, there may be reduced energy stores due to oxygen desaturation events that occur frequently in the NICU setting, most often due to prematurity or respiratory disease \[[@B22-antioxidants-07-00037]\]. Neonates experiencing multiple oxygen desaturation events are at risk for hypoxia, which refers to an inadequate oxygen supply to the tissues. This leads to a reduced rate of oxidative phosphorylation by aerobic respiration and to reduced adenosine triphosphate (ATP) synthesis \[[@B23-antioxidants-07-00037]\]. Because of the lack of oxygen as a final electron acceptor, the mitochondria are unable to maintain the proton gradient necessary to form ATP from adenosine diphosphate (ADP) and inorganic phosphate \[[@B24-antioxidants-07-00037]\]. Consequently, ATP production is reduced and possibly interrupted.

Second, energy stores may be reduced in response to stressful stimuli such as procedural pain. We explored the effects of tissue damaging procedures (TDPs) on ATP metabolism \[[@B25-antioxidants-07-00037]\]. When the TDP was tape removal, performed along with the removal of a central or venous catheter, we found a significant increase in uric acid (UA) and malondialdehyde (MDA) thirty minutes after the painful stimulus. UA is a downstream product of ATP degradation. MDA is an oxidative stress marker formed by the oxidative degradation of polyunsaturated lipids by reactive oxygen species (ROS). The increase in ATP degradation in response to painful procedures may be due to energy expended through behavioral and physiological reactions to pain, such as crying, facial grimacing, flailing and tachycardia \[[@B26-antioxidants-07-00037]\]. The increased oxidative stress could be due to increased purine degradation with concomitant production of ROS. Alternatively, oxidative stress could also be due to increased mitochondrial ATP synthesis activity, of which ROS is a byproduct, in order to meet the energy demands of increased ATP utilization \[[@B27-antioxidants-07-00037]\]. Both the increased ATP utilization and oxidative stress can lead to energy deficit.

Third, energy stores can be reduced during illness \[[@B2-antioxidants-07-00037]\]. Though current understanding for the neonatal population is modest, studies in adult and children show that critical illness changes metabolism significantly by decreasing the rate of absorption and utilization of nutrients \[[@B28-antioxidants-07-00037],[@B29-antioxidants-07-00037],[@B30-antioxidants-07-00037],[@B31-antioxidants-07-00037]\]. Furthermore, elevated pro-inflammatory cytokines, such as TNF-α, IL-6 and IL-10 play a role in increasing metabolic demand \[[@B29-antioxidants-07-00037],[@B32-antioxidants-07-00037]\]. Such pro-inflammatory cytokines were found to be elevated in critically ill neonates, implying that increased metabolic demand can also occur in the premature neonate population \[[@B32-antioxidants-07-00037],[@B33-antioxidants-07-00037]\]. An increase in metabolic demand will further decrease energy stores.

Finally, an increase in metabolic demand due to the high energy demands of the brain \[[@B34-antioxidants-07-00037],[@B35-antioxidants-07-00037],[@B36-antioxidants-07-00037]\] can further reduce a premature neonate's energy stores. The neonatal brain accounts for 60% of total metabolism \[[@B37-antioxidants-07-00037]\]. Most brain energy is used in the maintenance and manipulation of ion gradients for synaptic transmissions and cortical development \[[@B34-antioxidants-07-00037]\]. As the brain develops during the early neonatal period, certain connections are pruned and ATP must be spent for the creation of cell components \[[@B38-antioxidants-07-00037]\].

To make up for increased metabolic requirements, clinicians need to respond appropriately by increasing nutritional availability to premature neonates. This can be a challenge because premature infants have immature digestive and absorptive capabilities \[[@B39-antioxidants-07-00037]\]. Moreover, most immature infants must rely on total parenteral nutrition (TPN) for exogenous nutritional support \[[@B40-antioxidants-07-00037]\]. TPN, however, can only safely provide a limited amount and concentration of nutrients. Furthermore, TPN use is associated with added potential complications which includes the following: (a) TPN may lead to a stunting of the neonatal intestinal development due to absence of trophic factors that are only released when nutrients are present in the intestinal lumen \[[@B41-antioxidants-07-00037],[@B42-antioxidants-07-00037]\] and (b) Long-term use of TPN is associated with an increased risk of metabolic liver dysfunction \[[@B43-antioxidants-07-00037]\]. Because of such concerns, premature neonates are given early trophic feedings, weaned off TPN gradually and are cautiously introduced to enteral nutrition through a nasogastric or an orogastric tube \[[@B42-antioxidants-07-00037],[@B44-antioxidants-07-00037]\].

Despite these attempts to provide adequate nutrition, preterm infants tend to experience growth failure. Reali et al. found that in their cohort of premature infants born with a weight appropriate for gestational age (AGA, 2.5--4.0 kg), as many as 71.4% weighed less than the 10th percentile at discharge from the hospital \[[@B45-antioxidants-07-00037]\]. It is currently unclear whether the cause of growth failure is due to inadequate nutrient supply to the infant or due to non-nutritional mechanisms that can also restrict growth and energy stores, such as inflammation or illness \[[@B2-antioxidants-07-00037],[@B3-antioxidants-07-00037]\]. Nonetheless, it is clear that premature infants are frequently in an energy-deprived state due to increased metabolic demands combined with inadequate nutrition.

Under circumstances of frequent energy deprivation, premature infants compensate through tissue breakdown and protein loss \[[@B46-antioxidants-07-00037]\]. Tissue and energy stores are converted into readily available fuel. Amino acids are recycled through the liver as carbon sources for gluconeogenesis or degraded into ketones, serving as the brain's alternative fuel source \[[@B2-antioxidants-07-00037]\]. As energy supply becomes increasingly scarce, tissue breakdown and energy storage utilization becomes necessary to provide fuel even for baseline cellular processes \[[@B47-antioxidants-07-00037]\]. Under hypoxic conditions anaerobic metabolism is engaged, converting pyruvate to lactate and allowing the regeneration of nicotinamide-adenine dinucleotide (NAD^+^), so glycolysis can continue to generate ATP. Nonetheless, the resulting ATP is expended quickly, resulting in a steady decrease of ATP stores \[[@B23-antioxidants-07-00037]\].

3. Energy Deficiency Affects Long-Term Outcomes {#sec3-antioxidants-07-00037}
===============================================

Energy deficits were shown to be detrimental to neurodevelopment and cognitive functions, especially in neonates \[[@B48-antioxidants-07-00037]\]. The brain is a rapidly developing organ, which is responsible for 60% of total body's energy requirements \[[@B37-antioxidants-07-00037]\]. During development, a critical growth phase occurs, which refers to the period of time when the neonatal brain experiences a significant degree of neuroplasticity \[[@B49-antioxidants-07-00037]\]. During this phase, the neonatal brain is highly influenced by nutritional availability \[[@B50-antioxidants-07-00037]\]. Critical periods of growth are accompanied by an increase in metabolic demand, requiring adequate nutrition to support it. Stephens et. al identified the first week of life as a period of critical growth in extremely low birth weight infants (ELBW, infants who are born weighing less than 1000 g) and observed that increasing protein or energy intake during that time period correlated with improved neurodevelopmental outcomes at 18 months corrected age \[[@B51-antioxidants-07-00037]\].

Despite the significant relationship between nutrition and growth and development, few tools exist that measure energy utilization and adequacy of nutrient intake in premature neonates. Current markers of nutritional status include growth velocity (15 g/k/day), weight gain (10--30 g/day) and head circumference (1 cm/week) \[[@B50-antioxidants-07-00037],[@B52-antioxidants-07-00037]\]. However, these measures, are shown to only be applicable to a limited range of postnatal age \[[@B53-antioxidants-07-00037]\]. For example, Fenton et al. \[[@B53-antioxidants-07-00037]\] has shown that the commonly used weight growth velocity goal of 15 g/kg/d was only consistent with the preterm infant growth reference curves at about 34 weeks. Tools that measure the energy states of premature neonates throughout the wide range of gestational ages are needed. These tools need to be individualized to gestational age, birth weight, gender, and illness severity. For example, our laboratory examined urinary biochemical markers as a measure of ATP utilization in premature neonates \[[@B10-antioxidants-07-00037],[@B54-antioxidants-07-00037]\]. In the late pre-term neonates, we found urinary hypoxanthine to be highest in those with respiratory disease, showing the effect of illness on ATP degradation \[[@B54-antioxidants-07-00037]\]. This data suggests that neonates with respiratory disease may require higher total energy intake \[[@B53-antioxidants-07-00037]\]. In addition, we found an association between urinary allantoin levels and the incidence of severe intraventricular hemorrhage (IVH) \[[@B55-antioxidants-07-00037]\]. Allantoin is an oxidation product of uric acid in the presence of reactive oxygen species, which may be produced during increased ATP utilization \[[@B10-antioxidants-07-00037]\]. Few studies on IVH and nutrition exist but Sammallahti et al. \[[@B56-antioxidants-07-00037]\] observed that those with IVH had lower total energy intake and lower energy intake from human milk. This data suggests the importance of careful monitoring and provision of adequate nutrition in this vulnerable population. An additional challenge for neonatal growth assessment is that optimal growth is currently not well defined. Additionally, the few reported studies in neonatal growth are impacted by confounding factors that reduce the value of their conclusions \[[@B57-antioxidants-07-00037]\]. As previously described, current premature infant growth models only take into account simple measurements such as length, weight, head circumference and body mass index (BMI) \[[@B58-antioxidants-07-00037]\]. Furthermore, it is unclear if these premature infant growth models are appropriate because they are based on a population of healthier term infants \[[@B2-antioxidants-07-00037]\]. In view of the absence of correlation between rapid growth of premature neonates with long-term adult metabolic risks and clear association with a decreased infant morbidity and mortality, improved nutritional support may be warranted \[[@B59-antioxidants-07-00037]\].

In contrast to the established long-term neurodevelopmental outcomes of energy deficit, evidence regarding long-term metabolic and cardiovascular outcomes is unclear. Once a premature infant is stabilized in the NICU, nutrition is given and accelerated catch-up growth may occur within the first 24 months of postnatal life \[[@B60-antioxidants-07-00037],[@B61-antioxidants-07-00037]\]. It is currently believed that catch-up growth is beneficial for the first 2 years of life \[[@B62-antioxidants-07-00037]\], especially for neurodevelopment \[[@B3-antioxidants-07-00037],[@B50-antioxidants-07-00037]\] but may have negative long-term consequences in adult metabolism \[[@B63-antioxidants-07-00037]\]. Unfortunately, studies on the non-neurodevelopmental effects of catch-up growth are few and of poor quality \[[@B57-antioxidants-07-00037]\]. Despite the benefits of catch-up growth, there are reports that preterm infants with accelerated weight gain after the first two years of life have higher relative body adiposity and cardiovascular complications compared to term infants \[[@B64-antioxidants-07-00037],[@B65-antioxidants-07-00037],[@B66-antioxidants-07-00037]\]. In adults, such increased body adiposity is a risk factor for cardiovascular morbidity and metabolic syndrome \[[@B67-antioxidants-07-00037]\]. Because of this, it was suggested that quality assessment of neonatal growth should include more comprehensive measures of body composition, such as fat mass (FM) vs. fat-free mass (FFM), instead of simple body length, weight, head circumference and BMI \[[@B58-antioxidants-07-00037],[@B68-antioxidants-07-00037],[@B69-antioxidants-07-00037]\]. However, it remains unclear whether the increased FM in early postnatal life independently alters cardiovascular and metabolic health in adulthood.

Long-term effects of fetal growth, postnatal growth and early nutrition were studied with respect to cardiovascular and metabolic outcomes in preterm infants \[[@B70-antioxidants-07-00037]\]. Adults, who were born prematurely, were found to have a significantly greater risk of developing hypertension and insulin resistance compared to those born at term. This difference, however, was not associated with body size, body composition, or FM distribution. Furthermore, growth between birth or expected term age and 12 to 18 months post-term, had no significant influence on blood pressure or metabolic syndrome in adulthood. Instead, it was suggested that growth during late infancy and childhood may have a more significant influence on later cardiovascular and metabolic health. This is consistent with a recent longitudinal cohort study \[[@B71-antioxidants-07-00037]\] of association between weight gain in infancy and childhood with biomarkers of metabolic syndrome in adolescents who were born preterm. No significant correlation between infant weight gain and long-term metabolic consequences was observed, regardless of catch-up growth rate. Instead, significant associations were reported between childhood weight gain (after 1 year of age) and later body composition changes (*p* \< 0.001 for higher fat mass, high fat index, lean mass index and waist circumference), higher fasting insulin (*p* = 0.002), lower insulin sensitivity (*p* \< 0.001), higher systolic and diastolic blood pressures (*p* = 0.006 and 0.005, respectively), lower high density lipoprotein (HDL) (*p* = 0.001) and a higher total cholesterol to HDL ratio (*p* \< 0.001). These studies support the novel idea that the growth velocity after the first two years of life is a more accurate predictor of adult risk of metabolic disorders than the catch-up growth rate of premature infants during the first two years of life \[[@B3-antioxidants-07-00037],[@B4-antioxidants-07-00037]\].

4. Prematurity and Chronic Stress, Energy Deficiency and Neuroplasticity {#sec4-antioxidants-07-00037}
========================================================================

Preterm infants are in a state of chronic physiological and biochemical stress due to prematurity, illness, medications and many unavoidable environmental stressors in the NICU. When the relationship between clinical handling procedures, stress, pain and energy expenditure was examined, it was observed that as the level of intervention increased, infant energy expenditure increased as well \[[@B72-antioxidants-07-00037]\]. Additionally, a negative correlation was found between energy expenditure and oxygen saturation, supporting the hypothesis that oxygen desaturation events are likely to result in hypoxia, resulting in decreased ATP synthesis coupled with an increased ATP utilization. Our lab found a similar association of increased ATP utilization in response to TDPs \[[@B25-antioxidants-07-00037]\].

Because preterm infants lack the agency to limit external stressful stimuli, they must rely on their caregivers to limit their exposure to stressors. These environmental stressors include loud sounds and alarms from clinical equipment, noise from other infants, handling by the caregivers themselves and constant interruption of sleep for medical procedures. Furthermore, premature infants are also exposed to multiple tissue damaging procedures (TDPs) for clinical care or diagnostic purposes \[[@B8-antioxidants-07-00037],[@B73-antioxidants-07-00037]\]. These can have long-term consequences, including neuroplastic modulation of the neonates' stress response.

The stress response can be represented by two concepts: allostasis and allostatic load \[[@B74-antioxidants-07-00037]\]. Allostasis refers to the active process of metabolic or physiological adaptations in response to stressful stimuli. Allostatic load refers to the "wear and tear" of the body that increases over time in response to chronic stress \[[@B75-antioxidants-07-00037]\]. Allostatic load can manifest itself as a dysregulation of the stress response due to a lack of adaptation, prolonged response, or inadequate response \[[@B75-antioxidants-07-00037]\].

A key regulator of allostasis is the hypothalamic-pituitary-adrenal (HPA) axis. While the development and function of this axis still remains to be fully characterized in the newborn, stress regulation involves three main steps. First, the paraventricular nucleus of the hypothalamus synthesizes and secretes corticotrophin-releasing hormone (CRH). Second, the anterior lobe of the pituitary gland releases adrenocorticotropic hormone (ACTH) in response to CRH. Finally, cortisol is released by the adrenal glands in response to ACTH. For a healthy allostatic response, baseline hormone levels are restored through cortisol's negative feedback loop to the hypothalamus and the pituitary gland. In the premature infant, the allostatic response via the HPA axis may be irreversibly altered due to chronic stress exposure. The allostatic load may be elevated due to insufficient cortisol production caused by illness or an underdeveloped HPA axis \[[@B76-antioxidants-07-00037]\]. Heckmann et al. found that a mature adrenal response, defined in clinically stable premature infants as a tripled level of cortisol in response to stress, was present only in 27% (12 out of 44) of ill preterm infants \[[@B77-antioxidants-07-00037]\]. However, these high responders were more prone to central nervous system (CNS) bleeds. Additionally, it was demonstrated that during the first 7 days of life, the pituitary gland is responsive to human CRH but cortisol production was suboptimal \[[@B78-antioxidants-07-00037]\]. This may be due to an underdeveloped adrenal cortex or cortisol synthesis. This cortisol deficiency disappeared by day of life 14 \[[@B78-antioxidants-07-00037]\]. Thus, allostasis may be inadequate in early life.

The HPA axis also plays a role in energy homeostasis. As part of the allostatic response, the metabolic demand for energy is augmented to increase chances of survival. One group \[[@B72-antioxidants-07-00037]\] showed a significant correlation between stress and energy expenditure in premature neonates. Stress was defined as (1) a heart rate of less than 100 bpm or more than 160 bpm or an increased baseline of 5 bpm or more, (2) irregular respiratory rate of less than 40 or more than 60 breaths/min, or a baseline increase of 7 breaths/min or more and (3) oxygen saturation of less than 90% or a decrease of 2.5% or more. Energy expenditure was measured as follows: $$E = \frac{M \times t}{H_{T}}$$ where *E* = energy expenditure per heartbeat $\left( \frac{calories}{kg} \right)$, *M* = mean metabolic rate $\left( \frac{calories}{{kg} \cdot \min} \right)$, *t* = duration of study (min) and *H~T~* = total accumulated heartbeats.

Stressful experiences may also have lasting developmental impact. Allostatic load can manifest itself through the dysregulation and neuroplastic modification of the HPA axis. Recently, an "ACTH-cortisol" dissociation was reported in critically ill adults, referring to low circulating ACTH coupled with elevated plasma cortisol \[[@B79-antioxidants-07-00037],[@B80-antioxidants-07-00037]\]. Furthermore, high levels of chronic stress can alter HPA axis reactivity and shift the baseline set point of cortisol, blunting the allostatic response to acute stress \[[@B81-antioxidants-07-00037]\]. A prolonged period is required to return to pre-stress hormone levels and higher concentrations of cortisol is required to respond to subsequent stressors \[[@B82-antioxidants-07-00037]\]. Prolonged exposure to elevated cortisol levels may lead to increased proteolysis, which can negatively impact the overall growth of the neonate \[[@B83-antioxidants-07-00037]\]. Chronic stress may also be associated with increased cognitive and behavioral problems and metabolic risks \[[@B84-antioxidants-07-00037],[@B85-antioxidants-07-00037],[@B86-antioxidants-07-00037],[@B87-antioxidants-07-00037]\]. This can modify the structure and synaptic connections of the prefrontal cortex, the area of the brain associated with personality expression, decision-making and social behavior \[[@B88-antioxidants-07-00037]\]. In rats, chronic stress was shown to increase synaptic inhibition of prefrontal glutamatergic output neurons, resulting in decreased control of stress reactivity and behavior \[[@B89-antioxidants-07-00037]\]. Furthermore, chronic stress decreases synaptic density in the prefrontal cortex as well as in the hippocampus \[[@B90-antioxidants-07-00037]\]. Thus, there are good reasons to expect, even in the absence of human newborn studies, that allostatic modifications in response to chronic stress may influence the neuronal development of the premature infant's brain.

5. Sucrose and Stress Relief {#sec5-antioxidants-07-00037}
============================

Oral sucrose with non-nutritive sucking was shown in many studies to reduce procedural pain scores \[[@B11-antioxidants-07-00037],[@B12-antioxidants-07-00037],[@B13-antioxidants-07-00037]\]. The evidence for the analgesic effects of sucrose is strongest for single event painful procedures such as heel lance, venipuncture, or intramuscular injection \[[@B7-antioxidants-07-00037]\]. Analgesic benefits of sucrose for other painful procedures such as arterial puncture, subcutaneous injection, insertion of nasogastric or orogastric tubes, bladder catheterization, eye examinations or echocardiography examinations are less certain \[[@B7-antioxidants-07-00037]\]. Most studies on sucrose examine pain behavior as the study variable. There is a limited amount of research on other outcome variables, such as cortisol. Some of these studies are outlined in [Table 1](#antioxidants-07-00037-t001){ref-type="table"}.

A few studies in premature neonates measured the effects of sucrose administration on cortisol. Boyer et al. \[[@B91-antioxidants-07-00037]\] found no significant difference in salivary cortisol concentration 30 min after a painful procedure in premature infants receiving either 24% sucrose or a placebo of sterile water. Stang et al. \[[@B92-antioxidants-07-00037]\] found no significant difference in plasma cortisol 30 min after circumcision in groups receiving a dorsal penile nerve block agent and sucrose or water. Although sucrose had no significant effect on plasma cortisol levels, the pain scores decreased in both studies, which suggest that sucrose may only mask pain behavior with little effect on the glucocorticoid response \[[@B98-antioxidants-07-00037]\]. A different response has been observed in animals. Ulrich-Lai and her colleagues showed that in rats exposed to chronic stress, sucrose consumption decreased corticotropin-releasing hormone messenger ribonucleic acid (CRH mRNA) in the paraventricular nucleus of the hypothalamus \[[@B96-antioxidants-07-00037]\]. They also showed that the palatable and rewarding properties of sucrose are responsible for a decrease in adrenocorticotropic hormone (ACTH) and corticosterone \[[@B97-antioxidants-07-00037]\]. The basolateral amygdala is altered in response to sucrose consumption and this alteration is long-lasting due to neuroplasticity \[[@B97-antioxidants-07-00037]\]. Furthermore, increased duration and/or frequency of sucrose administration played a larger role in the dampening of the HPA axis than the volume of sucrose given, suggesting that sucrose may alter neuroplasticity and stress relief \[[@B99-antioxidants-07-00037]\].

It was calculated that "*a 1000-gram infant receiving an average of 10 doses of 24% oral sucrose per day, at 0.5--1 mL per dose, is equal to a one year old infant receiving ½ can of regular Coke Classic per day*" \[[@B11-antioxidants-07-00037]\]. The effect of this much sucrose on human premature infants is unknown. In adults, a 19-day study compared salivary cortisol levels between two groups that consumed either sucrose or aspartame along with a standardized, low-sugar baseline diet \[[@B93-antioxidants-07-00037]\]. It was found that sucrose but not aspartame, reduced salivary cortisol levels after a comprehensive imaging stress test. In the same study, sucrose consumption correlated with a significant increase in activity levels in the left hippocampus, implying that sucrose inhibits stress induced deactivation of the hippocampus, perhaps through HPA axis suppression. These data suggest that oral sucrose consumption may modify the brain's response to stress, specifically in the paraventricular nucleus of the hypothalamus and the basolateral amygdala. Interestingly, Stevens et al. showed that preterm infants \<31 weeks' gestational age who received \>10 doses of sucrose per 24 h in the first week of life had poorer neurologic development compared with infants who received fewer sucrose doses \[[@B12-antioxidants-07-00037]\]. However, in older premature neonates that are over 32 weeks gestational age, Banga et al. showed that repeated dosages of sucrose administration for procedural pain in premature infants for the first seven days after enrollment had no significant impact on neurobehavioral outcomes at 40 weeks post conception \[[@B94-antioxidants-07-00037]\]. Additional studies are required to clarify the effect of sucrose analgesia on the newborn's brain.

The mechanism for sucrose's analgesic effect is unknown but is thought to be due to (a) the release of endogenous opioids two minutes after sucrose administration \[[@B100-antioxidants-07-00037]\], although evidence to substantiate this hypothesis in humans is lacking, or (b) the occurrence of ingestion analgesia \[[@B101-antioxidants-07-00037]\]. Ingestion analgesia occurs when hedonic foods are eaten and functions to defend eating from ending and stops when eating is over. Hedonic food is specific to the animal's homeostatic state. For example, sodium becomes hedonic when effective circulating volume is low \[[@B102-antioxidants-07-00037]\]. In a complementary manner, the sensation of thirst increases when plasma osmolality rises above normal levels \[[@B103-antioxidants-07-00037]\]. Similarly, sucrose, an inherently hedonic food due to its sweet taste, has been shown to reduce stress via brain reward pathways \[[@B97-antioxidants-07-00037]\]. Chronic stress modifies the brain's reward pathway to increase the hedonic value of palatable high-calorie foods through the actions of glucocorticoids \[[@B16-antioxidants-07-00037]\]. Incidentally, there is strong evidence that an animal's energy stores may play a role in the regulation of the HPA axis \[[@B16-antioxidants-07-00037]\]. The hedonic value of oral sucrose may be elevated in chronically stressed premature infants that are energy deficient, which may contribute to its effectiveness in decreasing the behavioral signs of pain.

Though sucrose may have a role in pain and stress relief, it may come at the cost of long-term neurologic and metabolic consequences and altered brain stress and reward pathways. Acutely, a single dose of oral sucrose administration for heel lance has been associated with increased ATP utilization and oxidative stress \[[@B10-antioxidants-07-00037]\], perhaps due to the high metabolic cost of the fructose moiety of sucrose \[[@B104-antioxidants-07-00037]\]. In a mouse pup model, the effects of early repeated sucrose treatment before an intervention on long-term brain structure was examined \[[@B95-antioxidants-07-00037]\]. These mice pups received an oral dose of vehicle (sterile water) or 24% sucrose via a micropipette, two minutes before an intervention. The mice pups were separated into three different intervention groups: a needle-prick on the paw, light tactile paw pressure with a cotton swab, or only handling in a similar manner as the other groups. The mice pups received 10 interventions daily from post-natal day 1 (P1) to P6 to model the NICU experience. Adult brains were collected between P85 and P95 and were scanned using magnetic resonance imaging (MRI). Early repetitive sucrose exposure in mice resulted in smaller white matter volumes in the corpus callosum, stria terminalis and fimbria (*p* \< 0.0001) and smaller cortical and subcortical gray matter in the hippocampus and cerebellum (*p* \< 0.0001), regardless of intervention. This suggests that sucrose may affect brain development independent of procedural pain. The modulation of the HPA axis and the increased hedonic values placed on sweet solutions may also play a role in the increased risk of long-term negative metabolic outcomes. In the interim, however, there is not enough evidence to recommend the cessation of oral sucrose administration for procedural pain in the NICU. More studies are required to examine the analgesic effectiveness of metabolically "cheaper" sweet solutions, such as glucose, as well as other pharmacologic and non-pharmacologic methods to reduce pain.

6. Conclusions {#sec6-antioxidants-07-00037}
==============

In conclusion, premature infants are in a state of energy deficiency due to hypoxia, pain and stress, illness and neurodevelopment. Each of these factors increases ATP utilization, reducing energy stores. In addition, oral sucrose, a commonly used intervention for pain was recently shown to acutely increase ATP utilization as evidenced by increased biochemical markers of hypoxia and oxidative stress over time \[[@B10-antioxidants-07-00037]\]. Nutritional support specific to a neonate's age, weight, gender and illness severity needs to be provided to prevent energy deficit and tools that monitor energy states and efficacy of nutritional intake need to be developed and tested. Management of a neonate's nutritional status is complex and requires prospective studies that will yield evidence-based methods and techniques.

The authors gratefully acknowledge the Department of Basic Sciences, Loma Linda Medical School, for their support of this work. This work is partially supported by NIH NR011209-08.

John B. C. Tan, initial primary author also involved in revisions. Danilyn M. Angeles and Danilo S. Boskovic, mentors contributing to the direction of topic, subject matter contained, revisions and editing.

The authors declare no conflicts of interest.

![Causes of energy deficiency in the premature infant. (ATP, adenosine triphosphate; SNS, sympathetic nervous system).](antioxidants-07-00037-g001){#antioxidants-07-00037-f001}

antioxidants-07-00037-t001_Table 1

###### 

Summary table of studies that examined other variables besides pain response after sucrose administration. (CNS, central nervous system; ACTH, adrenocorticotropic hormone; CRH, corticotropin-releasing hormone; mRNA, messenger ribonucleic acid)

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Population                 Parameter Measured              Effect                      Sucrose Dose                             Control                   References
  -------------------------- ------------------------------- --------------------------- ---------------------------------------- ------------------------- ---------------------------------------------------------------
  Premature Infant           ATP Utilization                 Increased                   2 mL for neonates \>2 kg\                Placebo (Sterile Water)   \[[@B10-antioxidants-07-00037]\]
                                                                                         1.5 mL for neonates 1.5--2 kg\                                     
                                                                                         0.5 mL for neonates that were \<1.5 kg                             

  Oxidative Stress           Increased                                                                                                                      

  Premature Infant           Salivary Cortisol               No Significant Difference   0.1--0.3 mL per Painful Procedure        Placebo (Sterile Water)   \[[@B91-antioxidants-07-00037]\]

  Premature Infant           Plasma Cortisol                 No Significant Difference   Pacifier Dipped in Sucrose               Water                     \[[@B92-antioxidants-07-00037]\]

  Adult Human Females        Salivary Cortisol               Decreased                   3 Servings of Study Beverageper Day      Aspartame                 \[[@B93-antioxidants-07-00037]\]

  Regional Brain Responses   Increased in Left Hippocampus                                                                                                  

  Premature Infant           Neurodevelopmental Assessment   No Significant Difference   0.5 mL per Painful Procedure             Placebo (Sterile Water)   \[[@B94-antioxidants-07-00037]\]

  Mouse Pups                 CNS White Matter Regions        Decreased                   0.1--0.2 g Sucrose per kg Body Weight    Vehicle (Sterile Water)   \[[@B95-antioxidants-07-00037]\]

  CNS Gray Matter Regions    Decreased                                                                                                                      

  Adult Rat                  Plasma ACTH                     Decreased                   Up to 4 mL Twice a Day                   Saccharin and/or Water    \[[@B96-antioxidants-07-00037],[@B97-antioxidants-07-00037]\]

  Corticosterone             Decreased                                                                                                                      

  CRH mRNA                   Decreased                                                                                                                      
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
